INTRODUCTION {#h0.0}
============

To thrive in heterogeneous and competitive environments, microorganisms employ both cooperative and competitive strategies. Swarming bacteria collectively migrate over surfaces driven by their flagella ([@B1]). Swarming offers a competitive advantage in invading some habitats ([@B2], [@B3]); however, the costs and benefits remain largely uncertain. Swarming is studied in monoculture, but more than one swarming species can associate (coswarming), with mutual benefits ([@B4], [@B5]). There are also instances where a motile eukaryote (e.g., *Acanthamoeba* spp. \[[@B6]\] and slugs of *Dictyostelium* spp. \[[@B7]\]) transports bacteria. Examples where bacteria provide the driving force to move sessile cargo microorganisms are rare. However, swarms of the bacterium *Paenibacillus vortex* ([@B8], [@B9]) can transport conidia of the filamentous fungus *Aspergillus fumigatus* ([@B10]) over long distances (tens of centimeters). The conidia gain by moving to a more favorable location, while the bacteria use germinating mycelia to cross air gaps. The idea that a bacterial swarm could be considered a moving ecosystem, incorporating sessile cargo microorganisms with costs and benefits, motivated this work. We approached this problem with respect to the contribution of antibiotic resistance by the cargo bacterium, particularly the spread of beta-lactamase (BL) genes encoding enzymes that degrade beta-lactam antibiotics (BLAs) ([@B11]).

The spread of antibiotic resistance in bacteria is of widespread concern. The BLAs include major classes of front-line therapeutics ([@B12]). Resistance to BLAs is reaching a crisis point, for example with Gram-negative pathogens having extended-spectrum beta-lactamases (ESBLs) and carbapenem resistance. Interactions between different lineages and species of bacteria are relevant to the prevalence of antibiotic resistance within a population. Marine *Vibrionaceae* show population-level interactions mediated by antibiotic production and resistance ([@B13]), suggesting that populations defined by a common microhabitat and an antibiotic-producing/resistance network may represent socially cohesive units. Complex relationships, including reciprocity of both antagonism and cooperation, have been found between *Streptomyces* strains isolated from the same soil granule ([@B14]). The idea that soil bacteria represent a reservoir of resistance genes available for exchange with clinical pathogens is supported by the discovery of identical antibiotic resistance cassettes, including ones active against BLAs, in soil bacteria and human pathogens ([@B15]). Taken together, these observations suggest that networks of microbial interactions within the environment are important in the emergence and spread of antibiotic resistance.

Bacteria on surfaces may be in physiological states that confer tolerance to antimicrobials, notably within a biofilm, but also when swarming ([@B1], [@B16]). *P. vortex* shows a limited phenotypic resistance to a diverse range of antibiotics when swarming ([@B17]). Multiple strategies exist within isogenic populations of bacteria to temporarily protect themselves from antibiotics ([@B16], [@B17], [@B18]), including ones linked to swarming. For example, swarming *Bacillus subtilis* undergoes spatial and population shifts between motile and nonmotile cells, with the net effect that both colony expansion and growth are less vulnerable to antibiotics ([@B19]). *Salmonella enterica* serovar Typhimurium has decreased permeability to some antibiotics when swarming ([@B20]). Further, phenotypic tolerance of antibiotics by *P. vortex* is due to a highly motile but poorly reproducing subpopulation, the explorer morphotype ([@B17]). Despite a degree of antibiotic tolerance, swarming *P. vortex* cannot thrive (i.e., disperse and expand their population) in the presence of high levels of BLAs.

Here, we show that swarming *P. vortex* can transport a different species of bacteria (cargo). When the cargo expresses a BL, transport opens up new niches for *P. vortex*. In the presence of a BLA on an agar plate, both transporter and cargo species gain from moving as a consortium in an asymmetric but mutually beneficial relationship: the former drives dispersal and the latter detoxifies. Additionally, *P. vortex* employs a bet-hedging strategy; when this bacterium invades new territory, it does so first with swarming cells without cargo bacteria and subsequently with swarming groups containing cargo. Therefore, we characterize the relationship as a mutualism of convenience, in which *P. vortex* uses the cargo bacteria when needed.

RESULTS {#h1}
=======

Transport of a BL-expressing cargo by *P. vortex* facilitates the dispersal and growth of both species in the presence of high levels of the BLA ampicillin. {#s1.1}
------------------------------------------------------------------------------------------------------------------------------------------------------------

When inoculated on a 14-cm-diameter Mueller-Hinton (MH) agar plate and incubated at 37°C under aerobic conditions, *P. vortex* was capable of swarming continuously and reaching the edge of the plate within 12 h. When *P. vortex* was inoculated on a plate containing ampicillin (Amp; 40 to 200 µg ml^−1^), limited swarming was observed (a few millimeters) without growth. When an *Escherichia coli* strain (VL001; see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material) expressing a BL was inoculated on an MH plate containing Amp, a static colony formed. In other words, in the presence of Amp neither species could use the full resources of the agar plate: the *E. coli* strain could not spread and *P. vortex* was antibiotic sensitive. However, when inoculated together (in an equal ratio of cells) on an MH agar plate containing 200 µg ml^−1^ Amp, the two species could colonize the plate within 72 h ([Fig. 1a](#fig1){ref-type="fig"}).

![Colony and microcolony imaging of cargo transport. (a) A periodically expanding colony composed of swarming *P. vortex* and Amp^r^ *E. coli* cargo imaged after incubation for 72 h at 37°C on a 14-cm-diameter MH agar plate with 200 µg ml^−1^ Amp. The plate was stained with Coomassie blue to enhance contrast. (b) Imaging by fluorescence microscopy of two moving peripheral colonies (rotating and moving progressively outwards from the inoculation point, in an experiment identical to that shown in panel a), using hexidium iodide to identify *P. vortex* (red) and GFP expression for *E. coli* (green). (c) Imaging by fluorescence microscopy of microcolony transport of a Ctx^r^ strain of *Enterobacter aerogenes* GA2 (stained by Syto 9 \[green\]) by *P. vortex* (stained by hexidium iodide \[red\]) over agar containing 3 µg ml^−1^ Ctx. The arrow shows the overall direction of transport at a rate of \~3 mm h^−1^. (d) Transport of a consortium of *P. vortex* and Amp^r^ *E. coli* over an MH agar plate with a barrier of Amp created by four Neosensitabs (see [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material). Imaging is of *E. coli* via a blue light LED to visualize GFP expressed by the cargo strain. The scale bar in panel c (300 μm) corresponds to 3.8 cm (panel a), 200 µm (panel b images), and 1.9 cm for the cell in panel d.](mbo0031523200001){#fig1}

The strain VL001 was able to swim but not swarm. To clarify the role of cargo motility, the experiments described above were repeated using a nonflagellated, Amp^r^ *E. coli* cargo strain (VL003). On MH with Amp, the nonmotile Amp^r^ strain was able to assist *P. vortex* in spreading toward the edges of the plates. This indicated that motility of the cargo was not required and *P. vortex* was providing the driving force for the dispersal process.

Fluorescence microscopy was used to observe the moving microcolonies, after allowing the bacteria to swarm across regions of agar impregnated with fluorogenic dyes to allow distinction of the two species by selective staining (hexidium iodide for *P. vortex* \[red fluorescence\] and Syto 9 for cargo \[green\]) or by using green fluorescent protein (GFP)-expressing cargo. Microcolonies (hundreds of microns across) at the periphery of an expanding colony contained both cargo and transporter strains ([Fig. 1b](#fig1){ref-type="fig"}). Cargo bacteria were patterned by the transporting *P. vortex* ([Fig. 1b and c)](#fig1){ref-type="fig"}. On MH agar plates with 200 µg ml^−1^ Amp, the colony was composed of concentric rings of bacteria ([Fig. 1a)](#fig1){ref-type="fig"}. Colony expansion was periodic ([Fig. 2)](#fig2){ref-type="fig"}, with active swarming alternating with periods of little progress. The periods of reduced expansion apparently coincided with detoxification of the antibiotic by the BL-expressing cargo, followed by swarming when the BLA remaining at the colony periphery was no longer harmful to *P. vortex*. This conclusion was supported by the observation that after a pause of the peripheral swarming cells, adding additional Amp (to a local concentration of \>200 µg ml^−1^) at the edge of the colony delayed the reinitiation of swarming by 1 to 2 h. Further, addition of the BL inhibitor clavulanic acid (\>0.1 µg ml^−1^) also delayed the initiation of swarming for 3 to 4 h. In contrast to the Amp^r^ (ampicillin-resistant) cargo strain VL001, an Amp^s^ (sensitive) strain of *E. coli* (VL002; see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material) was unable to facilitate colonization of MH agar plates containing 200 µg ml^−1^ Amp when coinoculated with *P. vortex.* Additionally, the periodicity of swarming decreased with higher concentrations of ampicillin in the plate (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material). Taken together, these observations suggest that the time taken to detoxify the antibiotic was the limiting factor in colony expansion.

![Periodicity of *P. vortex* swarming with Amp^r^ *E. coli* cargo in the presence of Amp. One or both strains were inoculated in the center of MH agar plates containing 200 µg ml^−1^ Amp, followed by incubation at 37°C and tracking the expansion of the resulting colony by automated imaging. White squares, *E. coli* inoculated alone; black squares, *P. vortex* alone; black diamonds, both strains. Coinoculation of *P. vortex* and *E. coli* allowed a colony to form with a concentric ring architecture ([Fig. 1a](#fig1){ref-type="fig"}). At the expanding edge of such a colony, periods of rapid advancement (indicated by arrows) alternated with phases of less active progress (plateaus).](mbo0031523200002){#fig2}

Changes in populations during the interaction of swarming *P. vortex* cells with Amp^r^ or Amp^s^ cargo strains of *E. coli* were quantified by selective viable counts. When inoculated alone on MH agar without Amp, both *E. coli* strains expanded their populations by nearly 2 orders of magnitude by static growth ([Fig. 3a](#fig3){ref-type="fig"}). On the same medium, a monoculture of *P. vortex* achieved a major population expansion (over 4 orders of magnitude) by swarming and growth. When each of the three strains was inoculated as a monoculture on plates containing Amp, the Amp^r^ *E. coli* strain expanded its population due to local growth, while the viability of *P. vortex* and Amp^s^ *E. coli* strains declined ([Fig. 3b](#fig3){ref-type="fig"}). When the Amp^r^ cargo strain was coinoculated with *P. vortex* in the presence of the swarm inhibitor 0.5 mM *p*-nitrophenylglycerol (PNPG) ([@B9], [@B21]), both species gained moderately from localized growth. In this situation, *P. vortex* benefited from close proximity to the antibiotic-degrading *E. coli*. When *E. coli* Amp^r^ was coinoculated with *P. vortex* under swarming conditions on medium containing Amp, both species expanded their population to a similar extent, around 3 orders of magnitude ([Fig. 3b](#fig3){ref-type="fig"}). The *E. coli* Amp^s^ strain could not support the same population expansion when coinoculated with *P. vortex* on medium containing Amp ([Fig. 3b](#fig3){ref-type="fig"}). Finally, when inoculated together without Amp (*P. vortex* and Amp^s^ or Amp^r^ *E. coli*), the cargo still gained from the association: the colony expanded and *E. coli* was transported and grew in new regions of the agar. However, Amp^r^ *E. coli* gained less from being a cargo, relative to the situation in the presence of Amp (population increase almost 2,000-fold with Amp and only 400-fold without), and *P. vortex* gained more from the situation (population increase 1,500-fold with Amp and 7,000-fold without).

![Quantification of the effects of transport on population changes in both transport and cargo strains in the presence and absence of Amp. Selective viable counts (black bars, *E. coli*; white, *P. vortex*) were used to determine transporter and cargo CFU after inoculation on 14-cm-diameter MH agar plates with transporter (*P. vortex* \[PV\]) and/or cargo (*E. coli* \[EC\]) bacteria, with the change in viable count assessed by selective plating after 72 h at 37°C. PNPG, addition of the swarming inhibitor *p*-nitrophenylglycerol (0.5 mM). The broken horizontal line indicates the inoculum level (5 × 10^7^ CFU) for each species. (a) Plates without antibiotic; (b) plates with 200 µg ml^−1^ Amp.](mbo0031523200003){#fig3}

Local analysis of cargo distribution during transport with and without a BLA. {#s1.2}
-----------------------------------------------------------------------------

The distributions of the cargo and transporter strains were analyzed by isolating cells from different locations within the spreading colonies. Inoculated plates were sampled after 50 to 72 h, capturing \>10^7^ CFU, and the species composition was determined by selective viable counts. The expanding colony, typically 6 cm in radius, was divided into three sampling zones: the periphery of the colony (up to 1 cm from the edge), the immediate interior (1 to 2 cm from the edge), and the central region (\>2 cm from the edge, including the inoculation site), as shown in [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material. This analysis was particularly revealing for the situation in which the cargo and transporter strains were coinoculated on MH agar without Amp. Moving colonies at the periphery of the colony contained no detectable cargo bacteria. Both cargo and transporter bacteria were present within the colony interior (see [Fig. S2](#figS2){ref-type="supplementary-material"}). In contrast, analysis of the species distribution after coinoculation on MH agar with Amp revealed that the cargo strain was highly represented in all zone samples, including the edge of the colony. These data, combined with selective viable counts from entire plates ([Fig. 3](#fig3){ref-type="fig"}), indicated that the presence of Amp favored the transport of the *E. coli* Amp^r^ strain and that this selection pressure had the greatest effect at the colony edge. The peripheral colonies lacking cargo in the absence of Amp were smaller, faster, and more highly dispersed than the interior cargo-carrying colonies (see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). Microscopy showed that the peripheral colonies were derived from single cells and small groups of *P. vortex* cells that made an early escape from the central mass. Analysis of expanding colonies at earlier stages in growth indicated that the first wave of moving colonies could be detected after 20 min to 7 h, and these colonies (\>90%) lacked cargo. A first scenario was created, where the transporter and cargo initiated swarming in a region of the plate and then the consortium was forced to encounter localized Amp after swarming 4 cm ([Fig. 1d](#fig1){ref-type="fig"}; see also [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material). Tracking the moving colonies indicated that those lacking cargo (judged by microscopy imaging via GFP and confirmed by viable plating) reached the region of antibiotic first (by 1 to 2 h) and that these then failed to grow. After 3 to 6 h, the region was occupied by larger swarming colonies that contained cargo and which were able to grow.

In a second scenario, serial culture on agar plates was used to assess the robustness of the cargo-transporter system. Inoculations with *P. vortex* and a cargo strain were made on one edge of a 14-cm-diameter MH agar plate, and \>10^8^ CFU were isolated from the far edge of the plate after 36 to 80 h, to compare plates with and without Amp (see [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material). When Amp was absent, it took 1 to 4 transfers (10 replicates; average, 1.8 transfers) to eliminate the cargo, as judged by selective plating. When Amp was present, the system was stable, as after \>20 transfers the cargo continued to be highly represented (30 to 65% of the population by viable count; *n* = 6). A third scenario was created in which exposure to Amp was periodic: the consortium initiated transport in the absence of Amp, then passed through a region of agar containing Amp and was recovered from the far side of this chemical barrier ([Fig. 1d](#fig1){ref-type="fig"}; see also [Fig. S3](#figS3){ref-type="supplementary-material"}). As with the situation with Amp present throughout the agar plate, the cargo was stably maintained (\>20 transfers; *n* = 6). This suggests that intermittent exposure to a BLA is sufficient to maintain the association of the Amp^r^ cargo and *P. vortex*.

Comigration of *P. vortex* with *E. coli* Amp^r^ on plates with Amp led to a stable mixed population, a system that corrected for initial imbalances in the inoculum. When the cargo was inoculated in as little as a 1:1,000 minority (5 × 10^7^ CFU *P. vortex*, 5 × 10^4^ CFU of Amp^r^ *E. coli*) or in up to a 20-fold excess (10^9^ CFU *E. coli*), the result after 72 h was a final population close to parity (with up to a 3-fold excess of cargo or transporter). This, along with the long-term robustness of the system, suggests that population levels move rapidly toward equilibrium as long as the selection pressures for both colony expansion and Amp resistance are maintained. The exception was at high cargo ratios (\>20-fold cargo excess; \>10^9^ CFU), a situation in which swarming usually failed to initiate due to cargo overgrowth. However, in the cases (\<20%) where swarming occurred when there was a 20-fold cargo excess, the consortium formed a stable and apparently balanced population after 72 h.

Transport is mediated by a phenotypic subpopulation of *P. vortex*. {#s1.3}
-------------------------------------------------------------------

Previous studies have shown that an isogenic *P. vortex* colony contains two subpopulations: explorers with elevated antibiotic resistance and enhanced motility, and more rapidly dividing but less motile builders that form the majority of the colony interior ([@B17]). These two phenotypic variants of isogenic cells were enriched separately to \>99% purity (see [Fig. S4](#figS4){ref-type="supplementary-material"} in the supplemental material) and tested for their ability to transport an *E. coli* cargo (compared to the mixed population, which was \~30% explorers) ([@B17]). Transport assays were run for 12 h after inoculation with *E. coli* (Amp^r^) on LB agar plates containing 100 µg ml^−1^ Amp. This allowed the majority of the population to be maintained as the inoculated morphotype ([@B17]). Neither species could disperse or grow without the cargo---the limited refractory nature of explorers to antibiotics was not sufficient to support swarming on this medium ([Fig. 4b to d](#fig4){ref-type="fig"}). The explorer-enriched subpopulation mediated transport and the builders did not ([Fig. 4](#fig4){ref-type="fig"}). During transport, flagella create tangled networks, apparently wrapping around the cargo ([@B10]). One of the differences between the subpopulations is a higher expression of flagella in explorers versus builders ([@B17]). Thus, a possible explanation of the explorers' ability to transport cargo could be more flagella enhancing one or both of motility and cargo capture.

![Investigation of the *P. vortex* subpopulation responsible for cargo transport*.* Explorers and builders from a *P. vortex* mixed culture were enriched, and the subpopulations as well as the mixed culture were coinoculated with Amp^r^ *E. coli*, plated on LB agar with Amp (100 µg ml^−1^), and incubated for 12 h. (a to d) Controls. Each culture was plated on LB with 100 µg ml^−1^ Amp, as follows: Amp^r^ *E. coli* (a), mixed culture (b), builders (c), and explorers (d). *P. vortex* (mixed culture, builders, and explorers) plated alone on Amp plates showed no growth, while Amp^r^ *E. coli* managed to grow but did not spread. (e to g) Coinoculation results for the Amp^r^ *E. coli* with *P. vortex* builders (e), a mixed culture (f), and explorers (g), respectively. The scale bar in panel e (10.6 mm) also applies to panels a to g. (h) Spreading of *E. coli* combined with *P. vortex* (either purified builders or explorers or a mixed culture).](mbo0031523200004){#fig4}

Cargo bacteria with higher BLA resistance support more effective dispersal on BLA-containing plates. {#s1.4}
----------------------------------------------------------------------------------------------------

An isogenic collection of cargo strains, differing in their levels of BLA resistance, were tested for their ability to complement *P. vortex* when swarming in the presence of cefotaxime (Ctx)*.* These strains expressed a TEM-1 type BL, with the encoding gene containing mutations leading to the production of enzymes with different levels of activity ([@B22]), and consequently had a wide range of resistance to Ctx, with MICs from 0.03 to 512 µg ml^−1^. *P. vortex* was highly sensitive to this BLA (MIC, 0.06 µg ml^−1^) and could not grow or swarm in the presence of Ctx. As in previous experiments, *E. coli* alone could grow on MH agar with Ctx if the MIC was sufficient, but could not swarm. Coinoculation of different cargo strains with *P. vortex* on Ctx plates and incubation for 72 h indicated that the higher the MIC of the cargo, the more effectively the consortium grew and dispersed ([Fig. 5a](#fig5){ref-type="fig"}). A higher resistance level was as beneficial to the transporting *P. vortex* as was the BL-producing strain of *E. coli*, as long as the two strains had the potential to form moving consortia ([Fig. 5a to c](#fig5){ref-type="fig"}). The benefits in terms of population expansion and dispersal were greater than for the *E. coli* in monoculture ([Fig. 5b and c](#fig5){ref-type="fig"}). The consortia appeared more responsive to an increase in MIC of the cargo than *E. coli* alone, when the MIC was higher than the concentration of Ctx in the agar ([Fig. 5b and c)](#fig5){ref-type="fig"}. This may be because in the static situation, *E. coli* only detoxifies local antibiotic, and once that is achieved it gains little additional benefit from a more effective BL. In the moving consortia, the leading edges are expanding into new territory containing fresh antibiotic. This has the potential to happen rapidly---*P. vortex* can transport cargo at a rate of \>1 cm h^−1^---so we suggest that there is a greater selection pressure for rapid degradation of the target antibiotic.

![Relationship between the MIC of Ctx for the cargo bacteria and how this affects transport by *P. vortex* in the presence of this BLA. (a) Migration of a consortium of *P. vortex* coinoculated with *E. coli* strains with different levels of resistance to Ctx due to mutations within a TEM-1 type BL. Green diamonds, 0.3 µg ml^−1^ Ctx in MH agar; black triangles, 1 µg ml^−1^ Ctx; red squares, 10 µg ml^−1^ Ctx; blue diamonds, 100 µg ml^−1^ Ctx. The migration distance from the inoculation point on MH agar plates containing the antibiotic was measured after 72 h and plotted against the MIC of the cargo *E. coli*. (b) Quantification of cargo and transporter populations after coculture for 72 h on 14-cm-diameter MH agar plates containing 1 µg ml^−1^ Ctx, plotted against the MIC of Ctx for the cargo bacterium. Red triangles, *E. coli* strain plated alone; black squares, CFU for *E. coli* strain plated with *P. vortex*; blue diamonds, CFU for *P. vortex* plated with *E. coli*. (c) Quantification of cargo and transporter bacteria on MH agar containing 10 µg ml^−1^ Ctx plotted against the MIC of Ctx for the cargo bacterium. Red triangles, *E. coli* strain plated alone; black squares, CFU for *E. coli* strain plated with *P. vortex*; blue diamonds, CFU for *P. vortex* plated with *E. coli*. Due to widespread cell death, data points related to the viability of bacterial swarms with cargo bacteria on low-MIC Ctx agar were too small to be reliably quantified and were not plotted.](mbo0031523200005){#fig5}

*P. vortex* has superior transport capacity compared to other swarming bacteria. {#s1.5}
--------------------------------------------------------------------------------

Other swarming bacteria were tested for their ability to transport Amp^r^ cargo. Vegetative and swarmer cells of Amp^s^ strains of *Proteus mirabilis* failed to transport Amp^r^ *E. coli*, as judged by swarm expansion and GFP visualization by fluorescence microscopy. These experiments were performed on MH Eiken agar (0.6% to 1.8%, wt/vol) plates containing 40 to 200 µg ml^−1^ Amp. Up to 72 h after inoculation, no expansion of the colony was observed beyond a few millimeters from the inoculation point. Amp^r^ strains of *P. mirabilis* swarmed, but again, transport was not found. Similarly, a clinically derived Amp^s^ strain of *Enterobacter aerogenes* was able to swarm on MH agar (0.8%, wt/vol) but could not transport the same cargo. Other *Paenibacillus* spp. swarmed on MH agar. A collection of these were tested for their ability to employ Amp^r^ cargo to disperse and grow on MH agar containing Amp (100 µg ml^−1^). Coinoculation with the cargo strain allowed localized growth of both *Paenibacillus* spp. and *E. coli* within the inoculation region, indicating that the former could benefit from a nearby BL-producing strain. *Paenibacillus alvei*, *Paenibacillus polymyxa*, and *Paenibacillus glucanolyticus* had minor transport capacities. Limited transport by *Paenibacillus lautus* was possible, as judged by the expansion of colonies on Amp-containing plates ([Fig. 6](#fig6){ref-type="fig"}) and by the distribution of the cargo strain, assessed by fluorescence microscopy. *Paenibacillus dendritiformis* has two phenotypic variants on agar. These morphotypes segregated stably, with rare interconversion, as the T (tip-splitting) and C (chiral) morphotypes, with different colony morphologies ([@B23]). The C morphotype transported most effectively. None of the *Paenibacillus* spp. tested could match the transport capacity of *P. vortex*. Further, the intricate patterning that *P. vortex* created with the cargo organism ([Fig. 1b](#fig1){ref-type="fig"} and 7) was absent with other *Paenibacillus* spp. The effectiveness of transport by *P. vortex* could be related to its swarming strategy, which involves multilayers of cells in which cargo microorganisms become stably entrapped by *P. vortex*, apparently within a network of flagella ([@B10]). Modeling of *P. vortex* "traffic systems" during cargo transport ([@B24]) supports physical connections between formed transporters in the context of a highly organized traffic network of cells ([@B25]) in which individuals maintain the same neighbors over a period of at least minutes.

![Transport by different *Paenibacillus* strains of Amp^r^ *E. coli* in the presence of Amp. MH agar plates containing 200 µg ml^−1^ Amp were inoculated with a combination of Amp^r^ *E. coli* and a strain of *Paenibacillus*, or in control experiments with individual strains. All of the *Paenibacillus* spp. were able to swarm, but none spread when inoculated alone, due to BLA sensitivity. PV, *P. vortex* plus *E. coli* V001; PL, *P. lautus* DSMZ3035 plus *E. coli* V001; PD(C), *P. dendritiformis* C454 (C morphotype) plus *E. coli* V001; PD(T), *P. dendritiformis* T454 (T morphotype) plus *E. coli* V001; PP, *P. polymyxa* DSMZ36 plus *E. coli* V001*;* PG, *P. glucanolyticus* 5162 plus *E. coli* V001; EC, *E. coli* V001 alone.](mbo0031523200006){#fig6}

Clinical isolates expressing ESBLs gain from transport. {#s1.6}
-------------------------------------------------------

To investigate whether the *P. vortex* transport system can aid the spread of antibiotic-resistant pathogens, a collection of clinical isolates (see [Table S3](#tabS3){ref-type="supplementary-material"} in the supplemental material) of *Enterobacteriaceae*, both sensitive and resistant to cephalosporins, including Ctx (the resistant group was classified as ESBL producers), were tested as cargo organisms. This collection of resistant strains all complemented *P. vortex* in colonizing 14-cm MH agar plates containing 3 µg ml^−1^ Ctx (see [Table S3](#tabS3){ref-type="supplementary-material"}). Ctx^r^ clinical isolates of *E. coli*, nonmotile, capsulated *Klebsiella pneumoniae* ([@B26]), and *Enterobacter aerogenes* were all transported by *P. vortex*, and those that had appropriate BLs allowed transport and cocolonization of plates containing BLAs ([Fig. 1c](#fig1){ref-type="fig"} and 7; see also [Table S3](#tabS3){ref-type="supplementary-material"}). Sensitive strains did not complement swarming of *P. vortex* on Ctx-containing agar. The motility of cargo bacteria was tested in the absence of *P. vortex*, and most were found to be nonswarming. One *E. coli* strain (see [Table S3](#tabS3){ref-type="supplementary-material"}) was able to swarm under the test conditions. Even for this strain, the presence of *P. vortex* was still an advantage in the spreading of the consortium.

Environmental isolates expressing BLs gain from transport. {#s1.7}
----------------------------------------------------------

To test the ecological relevance of a transport strategy involving BLA-resistant cargo, bacteria isolated from arable, industrial, and woodland soils were screened for isolates capable of complementing *P. vortex*, i.e., allowing the latter to swarm in a sustained fashion on MH agar plates containing either Ctx (3 µg ml^−1^) or the carbapenem BLA meropenem (Mer; 2 µg ml^−1^). Candidate cargo strains recovered from the edge of MH agar plates containing Ctx or Mer were purified and retested by combining them with fresh *P. vortex*. This resulted in the isolation of Gram-negative bacterial strains which acted as useful cargo and so enhanced the spread of *P. vortex* on plates containing one of these BLAs. Identification by 16S sequencing revealed that most of the Ctx^r^ isolates were pseudomonads with Ctx MICs of \>8 µg ml^−1^ and *Stenotrophomonas maltophilia* (see [Table S4](#tabS4){ref-type="supplementary-material"} in the supplemental material). The *S. maltophilia* isolates were resistant to imipenem but not when this BLA was supplemented with EDTA. This suggested that the primary BL that was expressed was a metallo-BL ([@B27]). Therefore, non-TEM-1-type BLs can complement *P. vortex* swarming on BLA. The Mer screen resulted in a different range of isolated bacteria, predominantly *Flavobacterium* spp. All of these groups of bacteria have been encountered within hospitals and identified as causing opportunistic infections that are particularly hard to eradicate due to their broad spectrum of antibiotic resistance ([@B28], [@B29]). All isolates yielded satellite colonies when plated with a BL-sensitive strain of *E. coli* (VL002), indicating that they could degrade BLAs. The isolation of BLA-resistant cargo organisms directly from the soil in these experiments suggests that *P. vortex* can employ environmental bacteria as useful cargo.

DISCUSSION {#h2}
==========

When *Paenibacillus vortex* swarms, it can carry other microorganisms for many centimeters. The cargo microorganisms may be useful in solving problems that *P. vortex* cannot overcome alone. In this work, we have described a widely applicable selective system for looking at cargo-transporter interactions, one that requires dispersal across an agar plate in the presence of an antibiotic for the transporter and cargo to maximize their populations. We used BLAs to prevent *P. vortex* from growing or swarming alone and BL-expressing cargo unable to disperse. Together, a consortium of the two strains could colonize a BLA-containing agar plate to mutual benefit as long as the selective pressure was maintained. Colonies of BL-expressing bacteria can protect nearby sensitive strains, i.e., the phenomenon of satellite colonies. The situation we have described here is more dynamic and with reciprocal benefits during expansion of a mixed population. In other ways, *P. vortex* gained more from the relationship. The cargo bacterium benefited by dispersal, but alone it would have grown near the inoculation site, albeit to a lesser extent than if transported by *P. vortex*. The latter, when inoculated onto Amp alone, suffered a population decline due to the effects of the antibiotic. *P. vortex* was inoculated alone and with Amp^r^ cargo on Amp-containing plates. When inoculated alone, the viability of *P. vortex* declined by over 4 orders of magnitude; with cargo assistance, *P. vortex* gained \~10^8^-fold CFU/ml ([Fig. 3](#fig3){ref-type="fig"}). Amp^r^ cargo gained 100-fold CFU/ml in the presence of the transporter.

A swarming colony of *P. vortex* contains a highly flagellated subpopulation (explorers) that localize toward the periphery and help to expand the colony, with builders (a less motile but rapidly dividing phenotype) dominating the interior ([@B17]). A *P. vortex* colony can be considered a temporarily multicellular organism with differentiation and task distributions ([@B30][@B31][@B33]). Only explorers mediate transport; therefore, we conclude that the explorers are specialized in movement, both movement of their own cells (motility) and of others (transport), the latter being a type of bacterial task distribution not previously reported. Further, of the *Paenibacdillus* spp. tested, only *P. vortex* created intricate patterns with the cargo. *P. vortex* operates in a self-organizing system, but we have shown here that when it is swarming it also can act as an "other-organizing" system ([Fig. 1c](#fig1){ref-type="fig"} and 7). Ecosystem patterning is of interest at a macroscopic level ([@B34]) and also within a developmental context, i.e., how different cell types organize to form tissues ([@B35]). *P. vortex* appears to provide an important model for studying how cells form more complex structures, as a system with two phenotypes with different spatial distributions (explorers and builders) and the explorer subpopulation organizing other bacteria.

In the absence of antibiotics, the Amp^r^ cargo was still transported by *P. vortex*, but it was absent from the colony periphery. The faster, smaller lead colonies running ahead of the rest on MH agar did not contain cargo. In this situation, the cargo was transported by a second wave of larger, slower-moving colonies lagging behind the lead elements. This contrasted with the results of the experiment when Amp was present and where the cargo was invariably found at the edge. This has an interesting consequence: swarming colonies solely composed of *P. vortex* get a chance to explore and exploit new territory first in the absence of selection pressure for the presence of potentially competing cargo bacteria. However, if the lead elements cannot thrive, the second rank carrying the cargo may catch up and allow the swarm to do better. In this sense, *P. vortex* appears to exploit the cargo bacteria. The latter appear to be treated as an equal partner only when needed. This can be considered a bet-hedging strategy: hitchhikers are only given the best ride when useful to *P. vortex.*

An important question is how the degree of antibiotic resistance of the cargo affects the survival of both cargo and transporter in the presence of a BLA. A higher level of BL resistance not only promoted local cargo survival but also facilitated dispersal by *P. vortex* ([Fig. 5](#fig5){ref-type="fig"}). High levels of antibiotic resistance made little difference to the growth of the *E. coli* strain on Ctx alone when the MIC was higher than the concentration of the BLA. A static colony need only survive local BLA, and once this is done it only needs to degrade BLA on the edge of the growing colony. In contrast, a cargo strain expressing a BL can be moved rapidly by *P. vortex*, in excess of 1 cm h^−1^. In that situation, the demands for rapid degradation of the BLA are likely to be higher, as the moving consortium encounters fresh antibiotic continuously. Modeling studies support the role of antibiotic gradients in promoting the evolution of resistance in bacteria ([@B36]). Transport of cargo bacteria may be one situation where such a selection pressure is generated.

Because clinical BLA resistance is a major issue, we tested isolates obtained from human infections (expressing ESBLs) as cargo. The BL-expressing strains, even an independently swarming strain, showed enhanced dispersal when combined with the more vigorously swarming *P. vortex* on BLA-containing plates. Additionally, a screening of soil bacteria was undertaken to isolate cargo bacteria which complemented *P. vortex* when coinoculated on MH agar, also containing BLAs. This resulted in the isolation of a collection of Gram-negative, BLA-degrading bacteria, including ones with BLA resistance profiles commonly found in opportunistic hospital infections ([@B29]). Further, when presented with a mixed cargo population (sensitive and resistant *E. coli*) in the presence of a BLA, *P. vortex* retained the resistant strain more so than the sensitive strain. Therefore, from a mixed population, the most useful strain (to *P. vortex*) was retained. This suggests that *P. vortex* may play a role in the (re)distribution of clinically relevant BLA-resistant bacteria in the environment. BLs are the enzymes responsible for the most prominent and one of the most clinically relevant antibiotic-degrading activities. However, other antibiotic classes, both natural and semisynthetic, can be metabolized by bacteria from the environment, and other interspecies interactions can affect antibiotic survival ([@B37], [@B38]). Therefore, it is possible that other antibiotic-protecting bacteria may be productively transported by *P. vortex*. Recently, *P. vortex* was shown to disperse pathogenic species of *Xanthomonas* spp. on tomato leaves ([@B39]), increasing infection. In this case, the less motile "cargo" stimulated *P. vortex* motility with unknown volatiles, suggesting a role of interspecies communication in forming swarming consortia. Different cargo microorganisms may bring other "skills" which *P. vortex* lacks, and *P. vortex* may transport such microorganisms under other types of selection pressures, driving associations in which both partners gain an advantage. Range expansion is a powerful driver in evolution ([@B40]) and here may promote interactions between the sessile and motile microbiota. Further work could productively explore the genetic basis of this phenomenon, in both cargo and transporter, and the evolutionary and ecological importance of such relationships, i.e., the extent to which swarming bacteria act as moving ecosystems. Long-term coevolution experiments of transporter and cargo combined under different selection pressures may prove particularly useful in constructing stable or metastable synthetic ecologies ([@B41]). Such constructed or artificially evolved consortia are likely to be valuable in examining cooperation, competition, and cheating at a fundamental level ([@B42]).

MATERIALS AND METHODS {#h3}
=====================

Strains and culture conditions. {#s3.1}
-------------------------------

The strains used in this study are summarized in [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material. *P. vortex* and other *Paenibacillus* species (*P. dendritiformis*, *P. polymyxa*, *P. glucanolyticus*, *P. alvei*, and *P. lautus*) were grown, as previously described, on MH agar (1% \[wt/vol\] Eiken agar) ([@B8]), Luria broth agar, or peptone agar ([@B17]), aerobically at 20 to 37°C. Cargo strains were grown on MH agar at 20 to 37°C. *Proteus mirabilis* was grown on MH agar (0.8 to 1.5% \[wt/vol\] Eiken agar) at 37°C ([@B43]).

Cargo transport assays. {#s3.2}
-----------------------

For cargo transport assays, 5 × 10^7^ cells of each species (*P. vortex* or another candidate transporter and/or cargo organism) were inoculated into the center of an MH agar plate (1% \[wt/vol\] Eiken agar) supplemented with appropriate antibiotics and incubated under aerobic conditions at 20 to 37°C. Cargo transport assays with the Ctx series of *E. coli* strains (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material) were performed in the same way with 50 µM isopropyl β-[d]{.smallcaps}-1-thiogalactopyranoside (IPTG) to induce the TEM-1 BL ([@B22]). Selective plating of wild-type *P. vortex* was on MH agar containing 1 µg ml^−1^ kanamycin and 0.5 mM of the swarming inhibitor PNPG with incubation at 20°C for 25 h. Selective plating of *P. vortex* Rif^r^ was on MH agar with 3 µg ml^−1^ rifampin (Rif) and 1 mM PNPG ([@B8], [@B21]), and plates were incubated at 20°C for 25 h. Selective plating to determine the viable count of *E. coli* was on MH agar supplemented with 1 µg ml^−1^ vancomycin with incubation at 37°C for 18 h.

Passage to extinction experiments. {#s3.3}
----------------------------------

To assess the robustness of long-term transporter-cargo interactions, coinoculations were made as described above, but at 1 cm from the edge of a 14-cm-diameter MH agar plate containing appropriate antibiotics (see [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material). Recovery of swarming bacteria was achieved by harvesting \>10^8^ CFU from the opposite side of the plate. These samples were subjected to selective viable counts to assess the numbers of cargo/transporter organisms and reinoculation on a new plate to repeat the process. The number of passages required to eliminate the cargo was assessed. In a variation of this assay, four antibiotic-containing Neosensitabs (Roscoe Diagnostics, Taastrup, Denmark) were placed between inoculation and recovery points to create a continuous region of antibiotic-impregnated agar that had to be traversed to reach the recovery point.

Enrichment and assays with *P. vortex* subpopulations. {#s3.4}
------------------------------------------------------

Both explorer and builder subpopulations were enriched as previously described ([@B17]). Briefly, enrichment for builders was by growth in 2 ml LB overnight at 37°C. The overnight culture was diluted 1:100 into fresh LB and grown for 4 h; serial cultivation was repeated for three more passages. For explorers, cultures of *P. vortex* were cultured in LB containing 60 µg ml^−1^ kanamycin for 18 h. Verification of the two enrichment procedures is given in [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material.

MIC determinations. {#s3.5}
-------------------

MIC values for antibiotics were determined on MH agar (1% \[wt/vol\] Eiken agar) containing a 2-fold dilution series of the appropriate antibiotic, using EUCAST breakpoints and procedures to determine sensitivity and resistance (Clinical breakpoints for bacteria, version 3.1, 11 February 2013; [http://www.Eucast.org/clinical_breakpoints/](http://www.eucast.org/clinical_breakpoints/)).

Staining and imaging of swarming cells. {#s3.6}
---------------------------------------

Staining cells with the fluorogenic dyes hexidium iodide and Syto 9 was also used to distinguish *P. vortex* from Gram-negative cargo bacteria. To stain moving colonies, 4-mm-diameter areas of agar 1 cm ahead of the moving colony were impregnated with 30 µM Syto 9 and 15 µM hexidium iodide (Life Technologies, Bleiswijk, Netherlands) in a 10-µl aliquot of sterile water and allowed to dry into the agar. Bacteria were stained as they swarmed into this region. Imaging was done with a BX-41 fluorescence microscope equipped with a Kappa 8 b, black and white charge-coupled-device camera and 4× and 10× Fluorotar objective lenses ([@B8]). Swarming on MH agar plates was monitored with a Dino-Lite AM7031MT USB microscope with Dinocapture software (version 1.3.6K) and by imaging plates on a heated slide warmer at 37°C through the agar. Illumination of whole plates to detect GFP expression was performed with a 470-nm LED (Thorlabs, Dachau, Germany). Calculations of swarm rates and colony diameters were made using the ImageJ software package, version 1.45s ([@B44]).

Isolation of environmental microorganisms. {#s3.7}
------------------------------------------

Arable and woodland soil samples from locations within 1 km of Utrecht (Netherlands) or within 1 km of Rotterdam harbor (Netherlands) were screened for cargo bacteria that could assist *P. vortex* in colonizing plates containing BLAs (3 µg ml^−1^ Ctx or 2 µg ml^−1^ Mer). Soil (5 g) was soaked in 50 ml MH broth for 16 h. After settling, samples of the supernatant were mixed with equal volumes of *P. vortex* (10^8^ CFU in a 50-µl inoculum) in MH broth and incubated at room temperature for 3 days on 14-cm-diameter MH agar plates containing the appropriate BLA. Where there was migration toward the plate edge, the bacteria were isolated and streaked to single colonies on MH agar containing the same antibiotic and 1 mM PNPG to inhibit swarming. Isolates that were not *P. vortex* (on the basis of swarming behavior and colony morphology) were identified by 16S sequencing ([@B45]). Purified strains were tested for antibiotic resistance (MIC, ability to swarm alone, and ability to complement *P. vortex* on MH agar containing Ctx or Mer, as appropriate). BL activity was assessed by nitrocefin hydrolysis (Fluka, St. Louis, USA). A general bioassay for the hydrolysis of Ctx was performed, based on the growth of sensitive satellite colonies around the resistant strain. An indicator strain, a BL-sensitive strain of *E. coli* expressing GFP (VL001), was spread plated (ca. 10^6^ CFU per plate) on MH agar containing 3 µg ml^−1^ Ctx. The candidate BL-producing strains were then streaked on the same plates. Those isolates that promoted the growth of the indicator strains within a few millimeters, after 2 days at 25°C, were scored as BLA degrading (see [Table S4](#tabS4){ref-type="supplementary-material"} in the supplemental material).

SUPPLEMENTAL MATERIAL {#sm1}
=====================

###### 

Periodicity of colony patterning with transport of Amp^r^ *E. coli* (VL001) by *P. vortex* on MH agar plates containing different concentrations of ampicillin. Each data point is the average of three measurements ± the standard deviation. For ampicillin concentrations below 10 µg ml^−1^, swarming was continuous. Download
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Figure S1, PDF file, 0.1 MB
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Sampling from dispersing consortia of *P. vortex* and *E. coli* on 14-cm-diameter MH agar plates in the absence (Amp −) or the presence of 200 µg/ml (Amp +). For each sampling region, the percentage of cargo bacteria, determined by selective viable count, is given as the average ± the standard deviation (5 plates, 10 samples per zone per plate). The sampling zones were as follows: (A) edge of 6-cm-radius colony, sampling within 1 cm of the lead colonies; (B) immediate interior (1 to 2 cm from the edge); (C) interior, including the inoculation point. Download

###### 

Figure S2, TIF file, 6.7 MB
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Experimental setup for passage to extinction experiments on 14-cm-diameter MH agar plates. (A) Inoculation point for *P. vortex* and/or cargo bacteria. (B) Agar which may contain BLA or other antibiotics (for example, specifically targeting transporter or cargo bacteria). (C) Optional barrier of antibiotic-containing tablets. (D) Recovery point where bacteria derived from those bacteria inoculated on the plates in panel A were isolated and then reinoculated on a new plate, allowing serial culture under continuous (antibiotic on plate) or intermittent (antibiotic-containing tablet barrier; see [Fig. 1d](#fig1){ref-type="fig"} in the main text) antibiotic-mediated stress. Download
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Figure S3, PDF file, 0.1 MB
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Explorers and builders after enrichment. The two phenotypic subpopulations that make up a spreading colony of *P. vortex* were enriched, as described previously (D. Roth et al., 2013). The purified subpopulations were subsequently used in transport assays (see [Fig. 4](#fig4){ref-type="fig"} in the main text). Builders are characterized by decreased spreading abilities and increased growth rates compared to the mixed culture. Explorers have a decreased growth rate but increased swarming motility. To verify subpopulation enrichment (\>98% purity) from a mixed population (30% explorers), equal numbers of cells were inoculated on LB 1.5% (wt/vol) agar. (a) Demonstration of the explorer phenotype compared to that of the mixed population after 15 h at 37°C, following staining with Coomassie blue. (b) Builders compared with mixed culture (by viable count) after 15 h at 37°C. Scale bar, 6 mm applied to the two panels comprising part a, and 125 µm when applied to either panel in part b. Download
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Figure S4, TIF file, 2.7 MB
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Laboratory strains used in this study
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Table S1, DOCX file, 0.02 MB

###### 

Characteristics of transporting and nontransporting *P. vortex* colonies
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Table S2, DOCX file, 0.01 MB
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Clinical strains tested as cargo
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Table S3, DOCX file, 0.01 MB
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Summary of soil isolates that complement *P. vortex* in crossing BLA-containing agar (isolates were obtained from soil and identified by 16S rRNA sequencing)
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Table S4, DOCX file, 0.02 MB
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